The control region (CR) plays an important role in replication and transcription in the mitochondrial genome. Its supposedly high rate of DNA substitution makes it a suitable marker for studies of population and closely related species. Three domains can be identified in CR, each having its own characteristics regarding base composition, pattern of variability and rate of DNA substitution. We sequenced the complete CR for 27 cracids, including all 11 genera to characterize its molecular organization, describe patterns of DNA substitution along the gene, and estimate absolute rates of DNA substitution. Our results show that cracid CR organization and patterns of DNA substitution are typical of other birds. Conserved blocks C and B, fused CSB2/3, and a putative segment for bidirectional replication not usually present in birds were identified in cracids. We also suggest a new delimitation for domains to allow better comparisons among CRs at different taxonomic ranking. Our estimates of absolute rates of DNA substitution show that, in general, CR evolves at a rate slower than that of two protein-coding genes (CR, 0.14%-0.3%; ND2, 0.37%-0.47%; and cytochrome b, 0.29%-0.35% per site per million years within genera). Within CR domains, rates within genera ranged from 0.05% to 0.8% per site per million years.
Introduction
In contrast to the high variability displayed by the organization of the mitochondrial (mt) genome of lower eukaryotes and plants, evolution shaped the metazoan mt genome into a molecule characterized by 13 protein-coding genes, 22 transfer RNAs (tRNAs), two ribosomal genes (rDNA), and a control region (CR) or D-loop-containing region (D-loop) (e.g., Saccone et al. 1999; Pereira 2000; Rest et al. 2003) , responsible for the regulation of transcription and replication of the mtDNA (e.g., Taanman 1999) .
The rate of evolution of CR for human mtDNA seems to evolve faster than the rest of mt genome (Aquadro and Greenberg 1983; Cann et al. 1984) . This finding was accepted as a general rule for metazoan CRs, making it of common use in population genetic studies (e.g., Avise et al. 1987; Baker and Marshall 1997) , whereas other mt genes were chosen for phylogenetic studies at the species level and above (e.g., Kocher et al. 1989; Zink et al. 1998 ). However, this apparent faster rate of DNA substitution of CR is not a general characteristic among metazoans Desjardins and Morais 1991) . Examples of slower rates of DNA substitution in the CR of gulls (Crochet and Desmarais 2000) and galliformes (Kimball et al. 1997; Randi and Lucchini 1998) compared with other mt regions have been reported.
Moreover, length variation has imposed an alignment problem and limited the use of CR in phylogenetic studies, even for congeneric taxa. Most avian CR sequenced to date are between 1000 and 1500 bp (Baker and Marshall 1997; Ruokonen and Kvist 2002) , but it can reach as long as 1758 bp in Adélie penguins (Ritchie and Lambert 2000) , and 2040 bp in the Little Blue penguin (Slack et al. 2003) . Length variation is mainly due to insertion or deletion of a few nucleotides and varying numbers of tandem repeats or microsatellites (Baker and Marshall 1997; Sbisá et al. 1997) . For example, the Little Blue penguin CR has two sets of tandem repeats, one consisting of 79 bp repeated 9, 12, or 13 times, plus an incomplete repeat of 49 bp, and the other set consisting of a 7-bp string repeated 13, 14, 18, or 20 times, followed by an incomplete 6-bp string (Slack et al. 2003) . The CR of the Adélie penguin has an 81-bp string repeated five times and 30 copies of a four nucleotide-long microsatellite (Ritchie and Lambert 2000) .
Three domains can be recognized in the CR of vertebrates: termination-associated sequences (TAS) at the 5′ end, a central conserved domain (central), and a conserved sequence block (CSB) at the 3′ end. They are identified according to the distribution of variable nucleotides positions, base frequency, and conserved sequence regions, and the insertion of repeats and microsatellites (Anderson et al. 1981; Baker and Marshall 1997; Berg et al. 1995; Brown et al. 1986; Saccone et al. 1999) (Fig. 1) . In mammals, the conserved sequence regions identified (e.g., Anderson et al. 1981; Sbisá et al. 1997) in the CR are the extended terminationassociated sequence blocks (ETAS), conserved sequence blocks (B-to F-boxes, CSB-1, CSB-2, and CSB-3), heavystrand replication origin (O H ), and the transcription promoters for both the heavy and light strands (HSP and LSP). Not all conserved features of mammals are also found in birds. A variable number of termination-associated sequences (TAS) can be found in the TAS domain (Desjardins and Morais 1990; Baker and Marshall 1997; Randi and Lucchini 1998; Ruokonen and Kvist 2002) , conserved blocks C, D, and F in the central domain are generally present, but conserved blocks E and B are not found in all groups studied (Baker and Marshall l997; Ruokonen and Kvist 2002) . In the CSB domain, only CSB-1 and the O H are found in birds, although in some species the putative bidirectional promoter for transcription of the heavy and light strands and a fused CSB2/3 are present (Desjardins and Morais 1990; L'Abbé et al. 1991; Baker and Marshall 1997; Randi and Lucchini 1998; Ruokonen and Kvist 2002) . Moreover, Ruokonen and Kvist (2002) compared the CR in birds and mammals and stated that only two conserved motifs, D box and CSB-1, show considerable sequence conservation across avian and mammalian taxa. They also identified a specific conserved block in the avian central domain, and named it the Bird-box.
In this paper, we sequenced the complete mt CR of 27 cracids (Aves, Galliformes), representing all 11 genera within this endangered Neotropical family. Our goals were (i) to identify conserved blocks, (ii) to characterize the dynamics of DNA substitution of each of the three typical domains of the CR, (iii) to estimate the rate of DNA substitution for the CR and for each domain based on published estimates of divergence time for cracids using molecular data (Pereira et al. 2002) , and (iv) compare with those rates for the second subunit of NADH reductase (ND2) and cytochrome b. Also, we propose changes in domain definition to ease comparison among different taxonomic levels.
Materials and methods

Taxa sampling
We sampled 27 species of cracid birds belonging to all 11 genera in the family (Table 1 ). Blood samples are deposited at the Laboratório de Genética e Evolução Molecular de Aves (LGEMA) at the University of São Paulo, Brazil, except Mitu salvini, which was deposited at the Royal Ontario Museum, Toronto, Ont. DNA was extracted following standard protocols (Sambrook et al. 1989) .
DNA amplification and sequencing
Some sequences used here were obtained previously by Pereira et al. (2002) and Pereira and Baker (2004) , and are indicated in Table 1 . For those obtained in the present study, the following primers were used for amplification and sequencing: D-loop L and D-loop H (Grau et al. 2003) ; H774, H1251, and L436 (Sorenson et al. 1999 ) and D-loop 774L (GAGACGGTTGGCGTATATGG) reversed from the original 774H (Sorenson et al. 1999) for the control region; H5766, H6313, and 5143L (Sorenson et al. 1999 ) and ND25766L (CGWAAAATCCTAGCCTTCTCATCC) reversed from primer H5766 (Sorenson et al. 1999) for the second subunit of NADH reductase (ND2); and reverse L (Cheng et al. 1994) , internoH2 (Miyaki et al. 1998), universal L, and universal H (Kocher et al. 1989 ) for cytochrome b (cyt b). DNA amplifications and sequencing reactions were performed as described in Grau et al. (2003) . Sequencing reactions were loaded in an ABI Prism 377 automated DNA sequencer (Applied Biosystems). To verify that we were amplifying genes of mitochondrial origin and not nuclear inserts, we amplified a large fragment of about 3 kb with primers L15710 (Sorenson et al. 1999 ) and 12Send (Haddrath and Baker 2001) for Aburria aburri, Chamaepetes goudotti, and Mitu tuberosa. These primers are located at the end of cyt b and at the end of 12S rDNA genes, respectively, and the fragment corresponding to this region contains the ND6, the CR, and three tRNAs. Nested amplifications were then performed with the same primers used for the shorter amplifica-tions given above for CR and cyt b. Conditions for long PCR were the same as described in Grau et al. (2003) except that extension time in each cycle was for 3 min.
Sequence alignment and identification of conserved motifs in Cracidae CR
Both strands of each DNA fragment were visually aligned and corrected for ambiguities in Sequence Navigator 1.0.1 (Applied Biosystems). Then, the L-strand of each species was exported as text and imported into MacClade 4.0 (Maddison and Maddison 2000) to be visually aligned. To delimit domains and conserved motifs of the CR in Cracidae birds, we compared our sequences to those corresponding CR of other avian and vertebrates previously published (e.g., Desjardins and Morais 1990; Randi and Lucchini 1998; Ruokonen and Kvist 2002; Sbisá et al. 1997; Steinborn et al. 1998) . We followed domain nomenclature based on Sbisá et al. 1997 .
Base composition and patterns of substitution
For all 27 species, heterogeneity of base composition using variable sites only was checked by a χ 2 test (P = 0.05) as implemented in TreePuzzle (Strimmer and von Haeseler 1996) and overall mean base frequencies and distribution of variable sites was estimated using MEGA 1.0 or 2.0 (Kumar et al. 2001) . Uncorrected (p) distances and model-based distances were estimated in PAUP 10.0 (Swofford 2002) . These model-based distances were chosen according to a hierarchical likelihood ratio tests as implemented in Modeltest (Posada and Crandall 1998) .
Saturation and comparisons of absolute substitution rates between CR and ND2 or cyt b
Saturation of DNA substitution for each gene was examined by plotting pairwise uncorrected p distance against model-based distances. We estimated "absolute" rates of DNA substitution per site per million years for the CR and for its three domains, and ND2 and cyt b dividing branch lengths estimated through model-based likelihood distances by the time of duration of that branch, as implemented in r8s (Sanderson 2002) . In this case, a data-driven cross-validation test was performed to choose the best smoothing parameter under a semi-parametric approach (penalized likelihood) that will account for variation in rate of DNA substitution among lineages (Sanderson 2002) . Generic diversification within Cracidae was estimated by Pereira et al. (2002) to have started 33.3 million years ago and was used as the calibration point for estimating absolute rates of DNA substitution.
Results
DNA amplification, sequencing, and gene order
The sequences used here are authentic mitochondrial in origin for the following reasons: (i) nested amplification of CR and the 3′ end of cyt b from large PCR products of about 3 kb encompassing the region between the ends of cyt b and 12S rDNA resulted in identical sequences when comparisons were made between these sequences and those of short amplifications for Aburria aburri, Chamaepetes goudotti, and Mitu tuberosa. In all cases, amplification resulted in single PCR products that provided unambiguous sequences, which showed similarity to corresponding sequences of other birds deposited in GenBank; (ii) CR has typical characteristics of mitochondrial CR such as conserved motifs and gene organization as detected in other Galliformes and differential base composition and relative substitution rates among domains (e.g., Desjardins and Morais 1990; Ruokonen and Kvist 2002; Sbisá et al. 1997) ; and (iii) the reading frame for both ND2 and cyt b did not show any unexpected stop codon, changes in amino acid sequence or frame shift mutations. The primers D-Loop L and H1251Phe are located in the tRNAs for glutamic acid and phenylalanine, respectively; as no intervening sequences were present between the CR and any of these tRNAs, the gene order around the control region for the Cracidae species studied here is probably the same as that found in most birds studied so far, including Galliformes and Anseriformes (review in Pereira 2000) .
Characterization of the control region for Cracidae birds
Cracidae CR sequences ranged from 1145 bp in Penelope ochrogaster to 1197 bp in Pauxi pauxi with a mean size of Fig. 1 . General molecular organization of the mitochondrial control region of birds and mammals. TAS, termination associated sequences, found in varying number of copies; ETAS, extended TAS; R1-R3, tandem repeats; B-F and Bird, conserved sequence blocks; O H , origin of replication of H strand; CSB, conserved sequence block; LSP and HSP, light and heavy strand transcription promoters; MS, microsatellite and (or) tandem repeats. C-string is also known as goose hairpin and can be present in two copies in some birds. Glu, Pro, and Phe are tRNAs for glutamine, proline, and phenylalanine, respectively. 1154 bp. The alignment was 1206 bp long, including gaps owing to deletions or insertions (indels) 3 . Indels were no longer than 3 bp, except for two large indels in the CSB domain. One of them is characterized by an insertion of 11 bp in Crax alberti (CGCTTTACAAA) and 12 bp in Crax daubentoni (CGCTTTACAAAA) from site 947 to 958. The other large indel is due to a 49-bp string in Pauxi pauxi (AAACCAACCAAAACAAACAAACTTTTTTTTCACTTT CACAACCCTGGCT), and 9 bp in Crax blumenbachii and Crax globulosa (AAATCGGCC) from site 1128 to 1176. Nucleotide frequencies were homogeneous among taxa (P = 1.0): A = 25.8%, C = 27.5%, G = 15.5%, and T = 31.3%. However, these frequencies are not reflected in each domain, as shown in Fig. 2 . Figure 3 shows the molecular organization of conserved blocks along the CR of Cracidae birds, and the alignment of the conserved regions is given for all 27 species studied. Of the 1206 aligned sites, 929 (77.0%) are invariable.
TAS domain
We delimited the TAS domain between base 1 and 379 in our alignment. It has a similar percentage of A, C, and T and is low in G (Fig. 2) . We detected a C-rich region, the Cstring, from positions 56 to 77, and 5 repeats of a TA motif (TAS) that may be responsible for the termination of the replication of the mtDNA (Doda et al. 1981) stretching from position 124 to 174. They are separated by 12, 2, 4, and 3 nucleotides, respectively. A GYRCAT motif is normally associated with TAS for correct function (Dufresne et al. 1996; Douzery and Randi 1997) and was found upstream of TAS1 in cracids. Cracids have one copy of a 29-bp segment between positions 287 and 315 named "CBS-1 like", which shows similarity to CSB-1 present in the CBS domain. This segment is found in multiple copies in other Galliformes and in Anseriformes (Desjardins and Morais 1990; Randi and Lucchini 1998; Quinn and Wilson 1993) .
Conserved central domain
This region, which starts at base 380 and ends at base 830, is well conserved among cracids. The central domain has a lower percentage of A and G compared with C and T (Fig. 2) in mammals, but not all birds, were found in all cracids sequenced here, in positions 540-558 and 787-804, respectively. Although these two boxes are conserved in cracids, they present less similarity with other identified avian and mammalian C and B boxes (e.g., Douzery and Randi 1997; Randi and Lucchini 1998; Buehler and Baker 2003 ). Another conserved region among cracids located between positions 602 and 638 is similar to what was described by Saunders and Edwards (2000) as the B box in New World Jays. The origin for replication of the H-strand, O H , is located between positions 808 and 819.
CBS domain
This domain is 376 bp long, ranging from base 831 to 1206 in our alignment. This domain is A and T rich, but G poor (Fig. 2) . CSB-1 was detected in all cracids analyzed between positions 831 and 856. A region similar to the fused CSB-2 and CSB-3 found in some mammals (Douzery and Randi 1997 ) was also identified from position 885 to 912. The putative bidirectional promoter (L'Abbé et al. 1991) was also found in cracids (1026-1055). Although microsatellite sequences are common at the CSB domain in some avian taxa (e.g., Berg et al. 1995; Ritchie and Lambert 2000; Slack et al. 2003; Buehler and Baker 2003) , no microsatellite sequences are present in cracids. However, the insertion present at the 3′ end of the CBS domain in Pauxi pauxi described at the beginning of this section shows an imperfect AACC motif repeated four times.
Patterns of substitution in conserved blocks
Among the conserved regions detected in cracids, the D, B, and Bird boxes, and the B box of Saunders and Edwards (2000) , as well as termination-associated sequences TAS1, TAS2, and TAS4, did not show any DNA substitution (Fig. 3) . Most DNA substitutions in other conserved regions are transitions (Fig. 3) . Distribution of variable sites along the CR of cracid birds is shown in Fig. 4 . TAS and central domains are the most and least variable, respectively. Distribution of variable sites is more homogeneous along the CSB domain than in the other two domains. In a 50-bp sliding window, the two most variable segments in the CR are present in the TAS domain (windows 1-50 and 301-350) and no conserved sequence regions are presented in these ranges. The third most variable 50-bp segment is in the central do- main (501-550) and contains the C box. The variation in this case is due mostly to the segment upstream from the C box 3 .
Saturation and absolute rates of DNA substitution Significant saturation was neither detected for the whole CR, ND2, cyt b (Fig. 5) , nor for any of the domains independently (not shown). The best-fitting DNA substitution models chosen by hierarchical likelihood ratio tests are shown in Table 2 . Based on divergence dates and confidence intervals estimated by Pereira et al. (2002) , and on the model-based distances we estimated "absolute" rates of DNA substitution for cracid CR (and its domains), and for ND2 and cyt b (Table 2 ). For the complete CR averaged across all 27 species analyzed, this rate was estimated to be around 0.16% per site per million years, much lower than the overall 0.40% and 0.32% per site per million years estimated for ND2 and cyt b, respectively. However, CSB domain in general evolves at a similar or faster rate than the protein-coding genes. Within genera estimates are also provided (Table 2) . In this case, we grouped Mitu and Pauxi in one cluster because they seem not to be reciprocally monophyletic genera (Pereira and Baker 2004) . Also, Aburria and Pipile were also considered a group, as the monoespecific Aburria seems to be embedded within Pipile (Grau et al. unpublished) . In general, curassows (Crax, Mitu, and Pauxi), chachalacas (Ortalis), and the horned guan (Oreophasis) have higher absolute rates of DNA substitution than guans for CR, ND2 and cyt b. Ortalis have higher general rates compared to any other genus.
Discussion
Molecular architecture of the mitochondrial control region of cracid birds
In the present work, we sequenced the control region, the main non-coding region of the mitochondrial genome, for 27 species of cracid birds, representing all 11 genera in the family. Our goal was to characterize its molecular organization and compare its rate of DNA substitution to that of other two mitochondrial genes (ND2 and cyt b) .
The detection of conserved sequence regions was performed by comparison with other previously published studies, especially Randi and Lucchini (1998) , Ruokonen and Kvist (2002) , Sbisá et al. (1997) , and Steinborn et al. (1998) . No unusual features were detected for the CR in cracids, and this region seems to be highly conserved among the species studied, even though the intergeneric divergence times are as old as 40 million years and as recent as 3 million years (Pereira et al. 2002) . In fact, this region showed 77% of identical nucleotide positions among all species, mostly distributed throughout the central domain and in the conserved sequence regions in TAS and CSB domains. All of the conserved sequence regions usually found in vertebrate CRs were detected in cracids, including blocks not identified in other avian species (e.g., Eberhard et al. 2001; Ruokonen and Kvist 2002; Buehler and Baker 2003) , namely a CSB-1-like block in TAS, blocks E, C, and B in central, and the bidirectional promoter and fused CSB2/3 in the CSB domain.
Comparing cracid to other avian and mammalian CRs led us to notice that domain and block definitions are not well characterized and this might reflect comparisons made to mammals in earlier studies, and even to avian taxonomic Table 2 ; y axis, p distances. ranks above the generic level, making the recognition of those regions difficult. For example, the B block present in cracids and some other birds (Baker and Marshall 1997; Ruokonen and Kvist 2002) is located between the Bird box and the O H , and seem to be more variable than in mammals, (Ruokonen and Kvist 2002) , which hindered earlier identification of the B box in birds. Another B box, as defined by Saunders and Edwards (2000) between C and Bird box in New World Jays, is T rich and does not have similarity with the corresponding mammalian B box. Interestingly, both the B box of Saunders and Edwards (2000) and the mammalian B box are present in cracids and several other birds, although previous publications on CR of other birds did not identify their presence. For example, in the alignment presented in Randi and Lucchini, (1998) for partridges, the B box as defined by Saunders and Edwards (2000) can be located around positions 590 to 620, and the B box around positions 750 to 780 in their published alignment. Similarly, these blocks can be found, respectively, around positions 1160-1180 and 1330-1350 in parrots (Eberhard et al. 2001 ). We did not try to make a comprehensive comparison of CR in birds and other vertebrates, as our findings in cracid birds do not change any of the conclusions about avian CR presented recently by Ruokonen and Kvist (2002) .
However, it is clear that for future comparisons and studies of evolution of CR in vertebrates, a better proposal for delimitation of domains and conserved blocks is necessary. This is a difficult task to perform, as the variability of CR above generic taxonomic ranking may impose serious alignment problems. However, we suggested domain limitation to be done by looking at conserved blocks easily identified in each domain in a wider range of taxonomic groups. Therefore, we proposed that the beginning of the central domain should be delimited at the 5′ end by the F box and the beginning of the CSB domain to be limited at the 5′ end by CSB1. The F box and CSB1 seem to be a very conserved feature of CR across several taxonomic rankings. This delimitation avoids the problem of not identifying a minimum conserved string in the variable regions that characterize the 3′ end of both TAS and central domains in comparisons above generic levels. The functional importance of some conserved blocks
are not yet known and future biochemical research may help to improve our understanding about CR evolution and functionality.
Rates of DNA substitution of the mitochondrial control region of cracid birds
CR did not show saturation of DNA substitutions. This is not surprising, given that our comparisons of DNA substitution rates with ND2 and cyt b showed that CR evolves at a slower rate than these two genes, and neither of these protein-coding genes were shown to be saturated at the generic level as analyzed previously by Pereira et al. (2002) . This result is interesting as cracids are among the oldest groups of modern birds and consistent with the findings that some lineages at the base of the avian tree have slower rates of evolution compared to more recent avian lineages (van Tuinen and Dyke 2004) . Comparing both mt protein-coding genes to each domain in CR showed that CSB has higher or similar rate of DNA substitution, and TAS and especially central domain, are evolving at a much slower rate than ND2 and cyt b. These results add to a body of evidence (Kimball et al. 1997; Randi and Lucchini 1998; Zink et al. 1998; Ruokonen and Kvist 2002 ) that, at least in birds, the CR is not evolving faster than protein-coding genes. Our estimates of absolute rates of DNA substitution (Table 2 ) are in the same order of magnitude as estimates for other galliform birds (0.7 and 0.5% per million years for the TAS domain and cyt b, respectively; Kimball et al. 1997 ) and mammals (0.48% per million years for the whole CR of cervids, or 0.17% per million years excluding saturated transitions; Douzery and Randi 1997) .
Estimates of divergence time and absolute rates of evolution for birds are problematic in many cases owing to the lack of reliable paleontological or biogeographic data that could be used as calibration point. In the case of cracid birds, divergence time estimates in Pereira et al. (2002) were based on a large number of mitochondrial and nuclear sequence data and assuming a split between Anseriformes and Galliformes 85 million years ago (Haddrath and Baker 2001; similar Rodriguéz et al. (1990) ; TN, Tamura and Nei (1993) ; HKY, Hasegawa et al. (1985) ; NA, not applicable for that partition. Table 2 . Model of DNA evolution for each mitochondrial DNA partition and absolute rates of DNA substitution in percentage per site per million years for cracids (overall rate and for each genus). Baker (2004) based on mitochondrial DNA sequences and using an internal biogeographic calibration point within curassows has shown congruence with the estimates of Pereira et al. (2002) . Therefore, we believe that the calibration point used here, and consequently the estimates of rates of DNA substitution, is reliable. Hence, the slow rates of evolution found for cracid CR and protein-coding genes reflect the old evolutionary age of cracids and comparisons with other groups will only be valid if the estimates of divergence time and rates of evolution for these groups were obtained based on well-justified calibration points and applying a model of DNA substitution that reflects the evolutionary dynamic of those sequences.
Intraspecific variation was not measured in the present study and it could underestimate the rates of evolution estimated here. However, a previous analysis showed the presence of only two haplotypes for the TAS domain and no intraspecific variation for cyt b in 17 Mitu mitu and no intraespecific variation was found for any of these genes in three individuals of M. tuberosa (Grau et al. 2003) . This indicates that intraspecific variation in this group is low and certainly would not negatively affect the results of our estimates.
We have shown that CR is evolving at a slower pace than ND2 and cyt b in cracids and we suggest that unless one has empirical evidence that one specific gene in a group of organisms is evolving at a similar rate in another group, extrapolation of absolute rates should be avoided. Rate variation of DNA substitution is known to occur across several organisms (Vawter and Brown 1986) , and those extrapolations would do anything but provide unreliable estimates of rates of evolution or of time of divergence.
